To perform a systematic review and network meta-analysis evaluating the efficacy and safety of low-molecular-weight heparins (LMWHs), vitamin K antagonists (VKAs), and direct-acting oral anticoagulants (DOACs) for the treatment of cancer-associated thrombosis (CAT). We searched MEDLINE, Cochrane Central Register of Controlled Trials, and conference abstracts through March 2018. Randomized controlled trials (RCTs) enrolling adults with CAT comparing 2 or more full-dose anticoagulants (LMWH, VKA, and DOAC) and evaluating recurrent venous thromboembolism (VTE), major bleeding, and/or all-cause mortality were included. Reviewers identified studies, extracted data, and assessed the quality of the evidence in duplicate. A frequentist network meta-analysis, which uses direct and indirect evidence to simultaneously compare multiple interventions, was performed using a random-effects approach. Results are reported as pooled relative risks (RRs) with 95% confidence intervals (CIs). We included 13 RCTs (n ¼ 6292): 7 compared LMWHs with VKAs, 4 compared DOACs with VKAs, and 2 compared DOACs with LMWHs. The risk of recurrent VTE was significantly reduced by 28% and 54% with a DOAC compared to an LMWH and a VKA, respectively. Low-molecular-weight heparins significantly reduced the risk of recurrent VTE by 36% versus VKAs. The risk of major bleeding was 14% higher with DOACs compared to LMWHs and 15% and 25% lower with DOACs and LMWHs versus VKAs, although 95% CIs included unity for each. The risk of all-cause mortality appeared similar for all 3 comparisons (RR ¼ 1.0 for each comparison). Direct-acting oral anticoagulants appeared superior in reducing recurrent VTE in patients with CAT compared to LMWH and VKAs, but an increased risk of major bleeding versus LMWH cannot be ruled out.
Introduction
Active cancer increases a patients' risk of venous thromboembolism (VTE) up to 7-fold compared to age-matched controls, corresponding to about 1 thrombotic event per 200 active patients with cancer annually. [1] [2] [3] For this reason, management of cancer-associated thrombosis (CAT) with anticoagulation is recommended by guidelines, [4] [5] [6] [7] [8] but its use is complicated by a delicate balance between patients' high risk of recurrent VTE and bleeding. 3, 9 Current CAT treatment guidelines preferentially recommend low-molecular-weight heparins (LMWHs) as first-line treatment for CAT, with oral anticoagulants such as vitamin K antagonists (VKAs) and direct-acting oral anticoagulants (DOACs) reserved for patients unable or unwilling to use long-term parenteral therapy. [4] [5] [6] [7] [8] Randomized controlled trials (RCTs) comparing LMWHs and oral anticoagulants for the treatment of CAT have been performed, with a particular focus in recent years on DOACs because of their ease of use. To better understand the comparative efficacy and safety of LMWHs, VKAs, and DOACs for the treatment of CAT, we performed a systematic review and network meta-analysis of available RCT evidence.
Methods
This report conforms to the Preferred Reporting Items for Systematic Reviews and Meta-analyses statement for network meta-analyses. 10 
Literature Search
We searched MEDLINE and the Cochrane Central Register of Controlled Trials via OVID from their earliest date through March 2018. The search strategy included medical subject heading and key words for the LMWH, VKAs, DOACs, and CAT (eAppendix). Citations were limited to those published in English. A manual search of references from reports of clinical trials and review articles was also conducted to identify additional relevant citations. We also performed a manual search of proceedings from related conferences ( 
Study Selection
We included data from RCTs that enrolled adults (18 years) with CAT that compared at least 2 full-dose anticoagulants (LMWH, VKA, and DOAC). Studies were required to report at least one of the following outcomes: recurrent VTE, major bleeding, and/or all-cause mortality. Identified titles and abstracts were screened for eligibility by 2 independent investigators. For those citations satisfying eligibility criteria, the full-text publication was retrieved and screened.
Data Extraction and Risk of Bias Assessment
Data were abstracted into a standardized collection form by one investigator and verified by a second. Data collected from each study included author, year of publication, study design, duration of patient follow-up, sample size, active cancer definition, cancer sites, anticoagulant dosing, pertinent patient characteristics, and end point definition and incidence. Risk of bias for each study was independently assessed by 2 investigators using The Cochrane Collaboration Risk of Bias Tool for RCTs 11 (eAppendix in Supplemental Materials). The evaluated domains included random sequence generation, allocation sequence concealment, blinding of participants and personnel, blinding of outcome assessment, completeness of outcome data, selective reporting, and other sources of bias. We evaluated the following parameters under "other sources of bias": use of validated definitions for VTE, major bleeding, and active cancer; reporting of cancer severity and study design to account for patients with cancer (eg, stratified randomization).
Data Synthesis and Analysis
We performed a network meta-analysis for each outcome within a frequentist framework. We implemented a randomeffects model assuming common heterogeneity across all comparisons and calculated a relative risk (RR) and associated 95% confidence interval (CI). Statistical heterogeneity within the network was assessed by calculating the heterogeneity variance parameter (t 2 ). Inconsistency was assessed by statistically comparing the results from direct and indirect estimates. The ranking of treatments for each outcome was performed using the P score (the probability that one treatment is better than the others), with higher values corresponding to a higher ranking. 12 The rankings for recurrent VTE, major bleeding, and all-cause mortality were combined in an Haase diagram, which illustrates treatment relations in a partially ordered set with superior objects located above inferior ones. 13 Treatments not connected by arrows are considered incomparable, as individual rankings may go in opposite directions.
We also performed traditional meta-analyses for each outcome with a P < .05 considered statistically significant. Separate analyses were performed for each anticoagulation pairing, combining data from approved doses of the same therapies. For each outcome, the RR and associated 95% CIs were calculated using a random-effects model and inversevariance weighting. We assessed for presence of statistical heterogeneity using the Cochrane P value (P < .10 significant) and the I 2 statistic which represents the percentage (0%-100%) of variability in the treatment estimate that is attributable to heterogeneity. 14 We planned to assess for small study effects (including publication bias) using funnel plot inspection and tests of plot asymmetry when 10 or more trials were pooled. 15 However, none of the pooled analyses reached this threshold. All analyses were performed using the 'netmeta' (version 0.9-8) or 'meta' (version 3.4.4) packages in R version 3.4. (The R Foundation for Statistical Computing, Vienna, Austria).
Results
A total of 13 studies 3,4,16-26 met inclusion criteria (Figure 1 , eTable 1 and eFigure 1 in Supplemental Materials). Nine studies were RCTs performed exclusively in patient with active cancer. 3, 4, 17, 20, [22] [23] [24] 26 Seven RCTs compared LMWH with VKA, 3, 4, 19, [21] [22] [23] 25 and 2 RCTs compared a DOAC with LMWH. 16, 17 Two studies were subgroup analyses of patients with cancer from the larger primary RCTs Apixaban for the Initial Management of Pulmonary Embolism and Deep-Vein Thrombosis as First-Line Therapy (AMPLIFY) and Hokusai VTE, comparing apixaban and edoxaban with a parenteral anticoagulant bridged to a VKA, respectively. 25, 26 Two studies were pooled analysis of the subgroup of patients enrolled with cancer in "sister" RCTs; EINSTEIN DVT and EINSTEIN PE evaluating rivaroxaban and RECOVER I and RECOVER II evaluating dabigatran, both in comparison with a parenteral anticoagulant bridged to VKA. 19, 23 All trials treated patients for a minimum of 3 months, 3 trials allowed up to 12 months of treatment, but most trials (62%) treated for a fixed durations of 6 months. Cancer histology was diverse including solid and hematologic malignancies. Metastatic cancer frequency and antineoplastic treatment ranged from 13% 19 to 67% 3 and 29% 23 to 78%, 3 respectively.
Risk of bias across the domains of random sequence generation, allocation concealment, blinding of outcome assessment, incomplete data reporting, and selective outcome reporting was ranked low for most trials, with a few instances where risk of bias was unclear (eFigure 2 in Supplemental Material). Ten studies were ranked with high risk of bias in the domain of participant and personnel blinding given the open-label design common to CAT trials they employed. 3, 4, [16] [17] [18] [20] [21] [22] [23] [24] Ascertainment of severity of cancer was assessed to have high risk of bias in 8 trials due to a lack of reporting of either cancer stage or Eastern Cooperative Oncology Group performance status. [18] [19] [20] [22] [23] [24] [25] [26] Finally, because some of the included trials were subgroup analyses of all-comer VTE trials without stratified randomization of active cancer at baseline, these data sources were scored as having a higher risk of bias for this domain. 20, [23] [24] [25] Upon network meta-analysis (Figure 2 versus VKAs, although statistical significance was not reached for these comparisons. Little statistical heterogeneity was seen in the major bleeding model (t 2 ¼ 0.17). All-cause mortality risk was unchanged for all comparisons (t 2 ¼ 0).
Review of P scores indicate that DOACs were ranked highest for VTE risk reduction (P score ¼ .99), LMWHs were ranked highest for favorable major bleeding risk (P score ¼ .78), and the 3 anticoagulant classes were comparable in rank for the outcome of all-cause mortality ( Figure 3A) . Considering the network meta-analysis results for recurrent VTE, major bleeding, and mortality, the Hasse diagram ( Figure 3B ) indicates DOACs and LMWH, are superior to VKAs although they are incomparable to each other.
Direct and indirect evidence were consistent within the networks for VTE recurrence (P ¼ .24) and mortality (P ¼ .43). Although direct and indirect estimates for major bleeding were opposing in direction of effect when DOACs were compared to LMWHs or VKAs, statistically significant inconsistency was not detected (P .09). For all pair-wise comparisons using traditional meta-analysis, there were no cases of statistically significant heterogeneity (P < .10 for all comparisons), and I 2 values were 0% for all but 2 analyses: LMWH versus VKA for major bleeding (I 2 ¼ 33%) and DOAC versus LMWH for allcause mortality (I 2 ¼ 50%). 
Discussion
This network meta-analysis suggests that LMWHs and DOACs are more effective and safer anticoagulants for CAT compared to VKAs. Direct-acting oral anticoagulants appeared superior in reducing VTE recurrence compared to LMWH which has been the preferred anticoagulant in patients with cancer, since the CLOT trial demonstrated superiority of dalteparin over warfarin 3, 6, 8, 27 Our analysis cannot rule out an increased risk of major bleeding with DOACs compared to LMWHs. We did not find differing effects of anticoagulants on all-cause mortality. This is not surprising as prior data suggest that most deaths in CAT are due to cancer progression rather than VTE complications. 3 Our analysis reflects the most current summary of evidence in the field regarding the potential role of DOACs in CAT, which to date have been inconsistently recommended within treatment guidelines. The American Society of Clinical Oncology recommends against DOACs (due to insufficient evidence at the time of guideline writing). 6 The American College of Chest Physicians (ACCP), although stating oral anticoagulants are an option when LMWH is not suitable, do give preference to either DOAC or VKA therapy. 8 Like ACCP, the International Initiative of Thrombosis in Cancer also suggests oral anticoagulants when a LMWH is not suitable but recommends DOACs as an alternate to VKAs only in patients who are stable and not receiving chemotherapy. 27 Regardless, real-world data show that DOACs are being prescribed for up to one-fifth of patients with CAT. 28 This perhaps may be because of the convenience of DOACs in comparison to LMWHs or VKAs. In Hokusai-VTE, cancer treatment discontinuation with LMWH was higher than with edoxaban (completed 12 months of therapy 29% for LMWH versus 38% with edoxaban) with patient inconvenience (15% vs 4%) and discontinuation after physicians' benefit-risk judgement (9% vs 6%) being the main reasons for stopping anticoagulant therapy. 16 The choice of anticoagulation for CAT treatment, particularly between an LMWH and DOAC, should take into account an individual patients' risks of both thrombosis and bleeding. Certain cancer types, such as mucin producing tumors, have been shown to be associated with higher thrombogenicity. Moreover, metastatic disease, more advanced clinical stage, and treatment with chemotherapy or antiangiogenic agents can also increase risk of thrombosis of patients with cancer. 5, 29 Bleeding risk is inherently higher in patients with cancer 30 and is further elevated due to the need for invasive diagnostic or therapeutic procedures and the development of thrombocytopenia secondary to malignancy or chemotherapy. 5 Fear of bleeding complications is often elevated in patients with brain tumors due to concerns regarding the risk of intracranial hemorrhage. 31 Subgroup analysis from the Hokusai-VTE cancer study 16 suggest that patients with gastrointestinal, colorectal, and esophageal cancers were more likely to develop major bleeds on edoxaban compared to dalteparin, while the hazard of developing a major bleed appeared similar between the 2 agents in patients with other cancer locations. Finally, it should be noted that clinically relevant bleeding is a frequent cause of anticoagulation therapy interruption or discontinuation potentially reestablishing patients' VTE risk. 32 Real-world studies provide further support for the findings of our network meta-analysis. 32, 33 Streiff and colleagues 33 evaluated 2428 patients with active cancer in a longitudinal cohort analysis (of which 707 were treated with rivaroxaban, 660 with LMWH, and 1061 with warfarin). The risk of VTE recurrence was observed to be lower with rivaroxaban versus either an LMWH (hazard ratio [HR]: 0.72, 95% CI: 0.52-0.95, P ¼ .024) or warfarin (HR: 0.74, 95% CI: 0.56-0.96, P ¼ .028). The risk of major bleeding did not differ across treatments, with incidences ranging from 8.2% to 9.0%. A cohort study by Simmons et al 32 evaluated 266 patients in an anticoagulant clinic registry, 98 (36.8%) of which were treated with rivaroxaban and the remainder with enoxaparin. Risk of VTE recurrence (1.0% vs 4.2%, P ¼ .15), major bleeding (5.1% vs 3.6%, P ¼ .55), and all-cause mortality (4.1% vs 8.9%, P ¼ .14) were not found to differ between treatments at 3 months, and these findings remained consistent through 12 months.
There are several strengths to this analysis that enhance applicability of our results. Inclusion criteria required drug doses to be those commonly employed for CAT such that regimens of once-daily LMWH were excluded. Studies included a range of malignancies, including those associated with the highest Figure 3 . Ranking of treatments. The P score (A) represents the probability that one treatment is better than the others, with higher values (ranging from 0 to 100) corresponding to a higher ranking. The Haase diagram (B) illustrates treatment relations in a partially ordered set with superior objects located above inferior ones. The treatments on the top of the diagram have a higher overall rank than the treatments below them, with arrows pointing to the inferior treatments. Treatments not connected by arrows are considered incomparable, as individual rankings go in opposite directions. DOAC indicates directacting oral anticoagulant; LMWH, low molecular-weight heparin; VKA, vitamin K antagonist; VTE, venous thromboembolism. thrombosis risk. Several trials also included a high proportion of metastatic cancers and those on chemotherapy, further enhancing applicability to subgroups of patients with cancer having high VTE risk. However, there are some limitations to our analysis that should be considered. First, we included CAT sub-analyses of all-comer VTE trials into our meta-analysis. Next, we were unable to evaluate outcomes in cancer subtypes due to sparse reporting of these subgroup analyses in included RCTs. Such additional analysis would be helpful in further informing patient-specific treatment decisions. Finally, our network meta-analysis aimed to compare efficacy and safety of LMWHs, DOACs, and VKAs in the treatment of CAT but was not able to assess the optimal duration of anticoagulation therapy in this population. The majority of trials evaluated a fixed 6-month duration of anticoagulation, but some studies allowed treatment for up to 12 months at the discretion of the treating clinician. It therefore is unclear whether the relative risks and benefits of evaluated anticoagulants would differ if utilized for longer (or shorter) treatment durations.
Conclusions
Our network meta-analysis suggests DOACs may reduce the risk of recurrent VTE compared to LMWHs and VKAs in CAT. Both LMWHs and DOACs appear to reduce the risk of recurrent VTE versus a VKA without increasing major bleeding risk. An increase in major bleeding risk with a DOAC compared to an LMWH was observed, but 95% CIs were wide.
